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The structure of the C-terminal domain of methionine synthase:
presenting S-adenosylmethionine for reductive methylation of B12
Melinda M Dixon, Sha Huang, Rowena G Matthews and Martha Ludwig*
Background:  In both mammalian and microbial species, B12-dependent
methionine synthase catalyzes methyl transfer from methyltetrahydrofolate
(CH3–H4folate) to homocysteine. The B12 (cobalamin) cofactor plays an
essential role in this reaction, accepting the methyl group from CH3–H4folate to
form methylcob(III)alamin and in turn donating the methyl group to homocysteine
to generate methionine and cob(I)alamin. Occasionally the highly reactive
cob(I)alamin intermediate is oxidized to the catalytically inactive cob(II)alamin
form. Reactivation to sustain enzyme activity is achieved by a reductive
methylation, requiring S-adenosylmethionine (AdoMet) as the methyl donor and,
in Esherichia coli, flavodoxin as an electron donor. The intact system is
controlled and organized so that AdoMet, rather than methyltetrahydrofolate, is
the methyl donor in the reactivation reaction. AdoMet is not wasted as a methyl
donor in the catalytic cycle in which methionine is synthesized from
homocysteine. The structures of the AdoMet binding site and the cobalamin-
binding domains (previously determined) provide a starting point for
understanding the methyl transfer reactions of methionine synthase.
Results:  We report the crystal structure of the 38 kDa C-terminal fragment of
E.coli methionine synthase that comprises the AdoMet-binding site and is
essential for reactivation. The structure, which includes residues 901–1227 of
methionine synthase, is a C-shaped single domain whose central feature is a bent
antiparallel b sheet. Database searches indicate that the observed polypeptide
has no close relatives. AdoMet binds near the center of the inner surface of the
domain and is held in place by both side chain and backbone interactions.
Conclusions:  The conformation of bound AdoMet, and the interactions that
determine its binding, differ from those found in other AdoMet-dependent
enzymes. The sequence Arg—x–x–x–Gly–Tyr is critical for the binding of AdoMet
to methionine synthase. The position of bound AdoMet suggests that large areas
of the C-terminal and cobalamin-binding fragments must come in contact in
order to transfer the methyl group of AdoMet to cobalamin. The catalytic and
activation cycles may be turned off and on by alternating physical separation and
approach of the reactants.
Introduction
In both prokaryotes and eukaryotes S-adenosylmethionine
(AdoMet, or SAM) is the major methyl donor for biosyn-
thetic reactions. Intracellular levels of AdoMet are main-
tained by a series of reactions that make up the ‘activated
methyl cycle’ shown in Figure 1a. In this cycle, the gen-
eration of methionine from homocysteine (Hcy) is catalyzed
by methionine synthase, using methyltetrahydrofolate
(CH3–H4folate) as a methyl donor. In mammalian and in
many prokaryotic methionine synthases, the cobalamin
(B12) cofactor is used to mediate this methyl transfer: during
turnover, the cofactor cycles between the methylcobalamin
and cob(I)alamin states (Fig. 1b) [1–3]. Interestingly, the
B12-dependent methionine synthases require the down-
stream product in the methyl cycle, AdoMet, as an activa-
tor. The highly reduced intermediate cob(I)alamin species
is occasionally oxidized to cob(II)alamin, which is catalyti-
cally inactive. Reactivation of methionine synthase in both
prokaryotes [1,4–7] and eukaryotes [8,9] is accomplished by
conversion of cob(II)alamin to methylcobalamin in a reac-
tion that requires both AdoMet and a reducing system. 
As seen in Figure 1b, the cobalamin in methionine
synthase participates in three methyl transfer reactions
involving three different metabolites: homocysteine and
CH3–H4folate in the primary reaction cycle, and AdoMet
in the reactivation cycle. In the catalytic cycle, methyl
transfer from CH3–H4folate to homocysteine proceeds
with overall retention of stereochemistry, consistent with a
double displacement mechanism [10]. Such in-line
methyl-transfer reactions constrain the geometry of the
substrate–cobalamin interactions and seem to require
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conformation changes in order to present first one and then
the other substrate to the cofactor. Furthermore, mecha-
nisms exist to preclude futile consumption of AdoMet as a
methyl donor for methionine synthesis: during turnover,
AdoMet appears to be excluded from interaction with
cob(I)alamin, as methyl label from AdoMet is not effi-
ciently transferred to homocysteine [1,11–12]. However,
AdoMet must approach the cofactor for reactivation of the
cob(II)alamin form of the enzyme, suggesting that reaction
of AdoMet with cobalamin, like the reactions of substrates,
requires conformational changes and/or rearrangements of
domain interactions.
The 137 kDa cobalamin-dependent methionine synthase
from Escherichia coli is a modular enzyme, which may be
physically separated into regions associated with distinct
functions [13,14]. The C-terminal 38 kDa region that
binds AdoMet [14] and a central 28 kDa region that binds
cobalamin can be isolated from tryptic digests of the
protein, as described in the Materials and methods
section. Although the N-terminal 71 kDa polypeptide
constituting the remainder of the enzyme is degraded
under these conditions, it can be obtained intact by
expression from a truncated metH gene. This region carries
the binding sites for the substrates CH3–H4folate and
homocysteine and catalyzes the reactions of CH3–H4folate
with exogenous cob(I)alamin and homocysteine with
exogenous methylcobalamin [15]. Furthermore, the
deduced amino-acid sequence of a methyltransferase from
Clostridium thermoaceticum that catalyzes methyl transfer
from CH3–H4folate to a corrinoid protein can be aligned
with amino-acid residues 350–600 of methioninesynthase
[16]. Correspondence of these sequences suggests that
this portion of methionine synthase constitutes a module
for binding and activation of CH3–H4folate. The physical
compartmentalization of the enzyme into ‘binding/
recognition’ modules has been exploited in a stepwise
approach to the X-ray structure analysis of methionine
synthase [17, and this work]. 
This report focuses on the structure and activity of the
C-terminal 38 kDa portion of methionine synthase, which is
required for reductive activation of the enzyme. The activa-
tion reaction is unusual in several respects. In E. coli, flavo-
doxin has been shown to be the physiological one-electron
reductant [6,18]. The midpoint potential at pH 7.0 of the
flavodoxin semiquinone/hydroquinone (sq/hq) couple is
–440 to –455mV [19,20]. The cob(II)alamin/cob(I)alamin
couple of methionine synthase has a midpoint potential of
–484 mV to –514 mV at pH 7.0 [7]; (C Choi and RGM,
unpublished data). Thus, the transfer of electrons from
flavodoxin hydroquinone to cob(II)alamin is unfavorable,
but because reduction is coupled to the thermodynamically
favorable transfer of a methyl group from AdoMet, it can
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Figure 1
The formation and utilization of methionine. (a) The activated methyl
cycle. After methyl transfer, AdoMet is regenerated as shown.
S-Adenosylhomocysteine (AdoHcy), the product of AdoMet-dependent
methylation reactions, is first hydrolyzed to form homocysteine (Hcy)
and adenosine (Ado), and homocysteine is then converted to
methionine; AdoMet is synthesized from methionine and ATP. 
(b) Catalytic turnover and reactivation schemes for methionine
synthase. Each of the methyl transfer reactions in the catalytic cycle
takes place in a ternary complex [3], so that CH3–H4folate is bound
before the highly reactive cob(I)alamin is formed. 
proceed even at potentials near –80mV [7]. The mecha-
nism of the reaction remains to be established but two alter-
natives may be entertained: 
(a) cob(II)alamin+fld(hq)→cob(I)alamin+fld(sq)
cob(I)alamin + AdoMet→methylcobalamin + AdoHcy
(b)AdoMet+fld(hq)→·AdoMet+fld(sq)
·AdoMet+cob(II)alamin→methylcobalamin+AdoHcy
where AdoHcy is S-adenosylhomocysteine and ·AdoMet is
a radical formed by addition of an electron to AdoMet.
These schemes involve different pathways of electron
transfer and may involve different geometries for methyl
transfer. In (a), cob(I)alamin is formed by electron transfer
from flavodoxin, and is subsequently trapped by reaction
with AdoMet. This methyl transfer is expected to proceed
via nucleophilic displacement like other ‘activated methyl’
transfers (Fig. 1), and would resemble the reactions that
occur in the catalytic cycle. In (b), AdoMet, rather than
cob(II)alamin, is the electron acceptor and ·AdoMet reacts
with cob(II)alamin to form methylcobalamin.
Results of the high resolution structure analysis of the 
38 kDa activation domain of the cobalamin-dependent
methionine synthase from E. coli are summarized in this
article, and the structure of this domain in complex with
AdoMet is compared with structures of other AdoMet-
dependent enzymes and proteins. The earlier X-ray struc-
ture determination of the 28 kDa cobalamin–binding
region from methionine synthase [17] delineated for the
first time the cobalamin–protein interactions that are
important in binding cobalamin: these interactions may
also control the reactivity of the B12 cofactor in methionine
synthase. Together, the 38 kDa activation region and the
cobalamin-binding region comprise the C-terminal half of
the methionine synthase molecule. The structures of these
two modules provide a starting point for understanding
how the different methyl transfer reactions of methionine
synthase can be distinguished and controlled.
Results and discussion
Structure determination
The structure of the 38 kDa C-terminal region of methio-
nine synthase in complex with AdoMet was determined
by multiple isomorphous replacement (MIR) at 2.8 Å
(Fig. 2a) and the model was refined at 1.9 Å (Tables 1,2).
Electron density for the AdoMet ligand was plainly visible
in both the MIR and refined electron-density maps, indi-
cating that the ligand is bound tightly enough to survive
the preparation and crystallization procedures. However,
the electron density was not sufficiently well defined for
an unambiguous model of AdoMet to be built. Therefore,
a crystal was soaked in a solution containing excess
AdoMet, and a 1.8 Å data set was collected and used for
further refinement (Fig. 2b; Tables 1, 2). The resulting
enhancement of the density in the region previously iden-
tified as AdoMet indicated that the binding site had been
correctly identified, and a model of the ligand was subse-
quently introduced and refined with the rest of the
protein. 
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Figure 2
Electron-density maps in the vicinity of Pro1003, at the bend in strand
b2 that begins the b meander (see Fig. 3). (a) Multiple isomorphous
replacement map at 2.8Å. (b) Refined (2|Fo|–|Fc|) map at 1.8Å. Both
maps are contoured at 1s, with the final refined model superimposed in
ball-and-stick mode. The figures were generated with the help of
MOLSCRIPT [76] and RASTER3D [77,78].
The first four residues of the protein fragment (897–900)
are not visible in difference or electron-density maps and
therefore have not been included in the model. There are
two disordered loops at residues 965–967 and 1035–1036
with average backbone B values larger than 50Å2. The
current model has an R factor of 0.198 and consists of 327
residues (numbered 901–1227), one AdoMet, one acetate
and 212 solvent molecules. The overall geometry has a root
mean square (rms) deviation from ideality [21] of 0.018Å
for bond lengths and 1.84° for bond angles (Table 3). 
Overall structure
The fold of the 38 kDa polypeptide is illustrated in 
Figure 3. The fragment is shaped like the letter ‘C’ with
no obvious divisions into subdomains, and is difficult to
categorize in terms of known structural families. The core
feature of the mixed a+b structure is an antiparallel 
b sheet composed of strands designated b1, b2, b5 and b8.
Strand b2 extends beyond the main part of the sheet and,
along with strands b3 and b4, forms a b meander in the
‘upper’ part of the structure (see Fig. 3). The b meander is
oriented at approximately 90° to the central sheet, with
the conserved Pro1003 introducing a bend in b2 at the
start of the meander. Following the meander, the central
b sheet is completed with strands b5 and b8. At the oppo-
site end of the sheet from the meander is a region com-
posed of six a helices and one 310 helix. The first three of
these a helices plus the 310 helix constitute the connector
between strands b1 and b2, while helices a5–a7 follow
strand b3. The C-terminal half of the unusually long helix
a6 (28 residues) packs against one side of the central
sheet, which is covered on the other side by a b-hairpin
(b5 and b6, residues 1164–1172) and the short helix a8
(1148–1155). Residues 1130–1144 preceding this short
helix form an extended strand and two consecutive
reverse turns; these residues adjoin the edge of the central
sheet making up part of the AdoMet-binding site.
Among known sequences, the C-terminal 38 kDa region
displays relatively low sequence homology in comparison
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Table 1
Data collection statistics.
Compound Concentration Length of Rmerge* Resolution Completeness  Riso† No. of Phasing 
(mM) soak (days) (%) (Å) (%) (%) sites power‡
AuCl4 10.0 4 8.4 2.8 90.8 28.4 5 1.82
HgI4 5.0 5 7.5 2.8 82.1 10.8 1 1.06
PCMB Saturated 2 7.4 2.8 87.7 16.1 1 1.10
AuCl4 1.0 1 7.5 2.7 87.9 17.5 2 1.70
PtCl4 1.0 2 7.1 2.7 82.1 9.3 2 0.95
Mersalyl Saturated 2 9.7 3.0 88.4 18.4 2 1.68
Native1§ – – 5.3 2.7 89.3 – – –
Native2§ – – 7.7 1.9 85.2 – – –
AdoMet 3.8 1 day 5.3 1.8 88.0 – – –
*Rmerge=ShSi|I(h)i–<I(h)> |/ShSiI(h)i, where I(h) is the intensity of
reflection h. †Riso=Sh|FPH–FP|/ShFP, where FP and FPH are the native
and derivative structure factor amplitudes, respectively. ‡Phasing
power = <FH>/rms lack-of-closure error, where FH is the heavy atom
structure factor amplitude, calculated using acentric reflections only.
§Native1 was used for MIR parameter refinement and map fitting;
Native2 was used for phase extension and refinement. (see Table 2).
Overall figure of merit was 0.65. 
Table 2
Model building and refinement.
Stage Data set Resolution Number of Number of Number of Rstart Rfinal Rfree
(see Table 1) (Å) reflections residues solvents
Partial model Native 1 6.0–2.8 7576 292 0 0.471 0.338 –
6.0–2.8 7576 289 0 0.373 0.294 0.402
6.0–2.8 7576 317 0 0.329 0.242 0.366
6.0–2.8 7576 327 0 0.339 0.225 0.360
Extend resolution Native 2 10.0–2.25 15 989 327 0 0.349 0.265 0.368
10.0–2.25 15 989 327 87 0.286 0.202 0.299
Extend resolution 10.0–1.90 23 488 327 87 0.232 0.212 0.287
10.0–1.90 23 488 327 128 0.234 0.202 0.271
Extend resolution AdoMet 10.0–1.80 28 445 327 128 0.266 0.216 0.283
Build AdoMet 10.0–1.80 28 445 327 213* 0.228 0.198 0.257
*Includes one acetate molecule.
with the rest of the methionine synthase holoenzyme
(Fig. 4a), with most of the conserved residues clustering
into two areas in the three-dimensional structure
(Fig. 4b). One of these two areas comprises the AdoMet-
binding region (see below), and the other is in the ‘upper’
portion that contains the b meander. This latter region
also contains a surprising number of buried ionic and
polar residues which form an extended network of salt
bridges and hydrogen bonds. Well-ordered water mol-
ecules in two cavities (Fig. 4b) interact with some of these
residues. The smaller cavity (marked ‘S’ in Fig. 4b) has a
volume of ~95.1 Å3 (using a probe radius of 1.2 Å [22,23])
and is separated from the bulk solvent at one point by the
side chain of Tyr921 alone, which in solution is likely to
be quite mobile. This region is therefore better described
as a deep invagination rather than as a buried cavity. 
In contrast, the larger cavity (138.6Å3, marked ‘L’ in 
Fig. 4b) is well separated from the bulk solvent. Surveys
of protein structures deposited in the Brookhaven Data
Base [23–29] have indicated that, although almost all
proteins larger than ~100 residues contain small cavities,
large cavities of this size are less common. Although no
general functions have been assigned to large cavities,
they are often involved in ligand binding and may facili-
tate conformational change, in particular domain–domain
motions [23,27,30]. The location of the buried cavity in
methionine synthase, near the concave face of the 38kDa
domain and close to the AdoMet-binding region, along
with the highly conserved and ionic nature of the neigh-
borhood near it, implies that this region may be important
in the reductive activation reaction and/or in binding
flavodoxin. 
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Figure 3
The three-dimensional structure of the
activation domain of methionine synthase.
(a) Stereoview of the Ca-trace: residues are
labeled approximately every 10–15 residues.
(b) Orthogonal views of the backbone model
drawn as a ribbon. The secondary structure
elements were assigned using DSSP [79]. To
assist in following the fold of the backbone,
the figures have been colored along the
sequence starting with red at the N terminus,
then orange, yellow, green, blue and ending
with violet at the C terminus. 
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The AdoMet-binding site
The AdoMet ligand binds to the protein (Fig. 3) on the
inner face of the ‘C’, with the majority of the protein–ligand
interactions originating from helix a6 and a polypeptide
segment that connects the two short helices a7 and a8 
on each side of the of the central b sheet. In the vicinity 
of the bound AdoMet are the residues Val1177 and
Cys1142 (Fig. 5a), previously identified in studies of N2O 
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Figure 4
Conserved residues in the activation domain.
(a) Structure-based sequence alignment of the
C-terminal portion of the six published
methionine synthase sequences starting with
residue 897 of E. coli: E_c = Escherichia coli
(GenBank Accession #J04975) [13,80,81];
C_e = Caenorhabditis elegans (GenBank
Accession #Z46828); H_i = Haemophilus
influenzae Rd (GenBank Accession #L42023)
[82]; M_l = Mycobacterium leprae (GenBank
Accession #U00017); S_s = Synechocystis
sp. (GenBank Accession #D64002) [83];
M_m = Mus musculus (GenBank Accession
#W33307). The mouse sequence is a
fragment derived from an expressed sequence
tag. The sequences were aligned to that of
E. coli with the help of MaxHom [84] with
some further editing to conform more closely to
the observed secondary structure, indicated
below the sequences. Asterisks (*) indicate
residues involved in AdoMet binding with side-
chain or backbone and side-chain interactions,
and carets (^) indicate residues with only
backbone interactions. The overall sequence
identity for this portion of the enzyme is
approximately 13%, compared with ~20% for
the 98 kDa fragment (data not shown).
(b) Stereoview of the Ca backbone, with
conserved residues shown in detail. Conserved
residues in the region of the AdoMet ligand are
in red, in the upper region are in yellow, and
others in green. The two solvent-filled cavities
are indicated by ‘L’ and ‘S’.
      900                                                950
                                                       *
  KKPRTPPVTLEAARDNDFAFDWQAYTPPVAHRLGVQEVEA-SIETLRNYIDWTPF
  SLKDRRFTDLNKTREKKFKIDWDKFTAVKPSFVGRREYQNFDLNELIPYIDWKPF
  SKPLRKQLSIEEARD-GFSGEWADYVPPTPKQTGIVEFKNVPIAELRKFIDWSPF
  MQRKAAEEPVEVPERSDVPSDVEVPAPPFWGSRIIKGLA---VADYTGFLDERAL
  SEQSREPEVIDTVRSEAVDPDLERPVPPFWGTKILQSSDI-SLDEVFPLLDLQAL
              <-α1->                  <-β1->   <α2>      <--
                                                          1000
  FMT-WSLAGKY-----PRILEDEVVGVEAQRLFKDANDMLDKLSAEKTLN-PRGVVG
  FDV-WQLRGKYPNRSYPKIFDDADVGAEAKKVFDDAQTWLKKLIDEKILV-ANAVVS
  FRI-WGLMGCY-----PDAFDYPEGGEEARKVWNDAQVVLDELEQNHKLN-PSGILG
  FLGQWGLRGVR------GGAGPSYEDLVQTEGRPRLRYWLDRLSTYGVLAYAAVVYG
  FVGQWQFRKPR------EQSREEYEQFLAEKVHPILAEWKGKVMAENLLH-PTVVYG
            <310>    <---------α4-------->      <----
                                                                 1050
  LFPANRVGDDIEIYRDETRTH----------VINVSHHLRQQTEKTGFA----NYCLADFVAPK
  FLPAASEGDDMHVYDPETGN-----------KLDTFYGLRQQSGREHD---QPHFCLSDFIKPL
  IFPAERVGDDVVLFSDEERTQ----------TIGTAYGLRQQTERGKNSKSPFNFCLSDFIADR
  YFPAVSEDNDIVVLAEPRPDA---------EQRYRFTFPRQQRGRF--------LCIADFIRSR
  YFPCQSQGNTLLIYDPELVSQNNGQIPPDATAIAKFEFPRQKSGRR--------LCIADFFASK
2-->  <-β3>                 <-β4->
                                                       1100
                                                    *  *
  LSGKA----DYIGAFAVTGGLEEDALADAFEAQHDDYNKIMVKALADRLAEAFA
  KNGVPD---DYLGLFACTAGLGAEEYCKTLEKNHDDYASIMVKALADRLAEAYA
  QSGKK----NWFGMFAVCVGVEEMELVEGYKAAGDDYNAILLQAVGDRLAEAMA
  DLATERSEVDVLPFQLVTMGQPIADFVGELFVSNSYRDYLEVHGIGVQLTEALA
  ESGIT----DVFPLQAVTVGEIATEYARKLFAGDNYTDYLYFHGMAVQMAEALA
    <---β5-->    <---α5--->   <------------α6----
                                                         1150
                                      *     * ^  **^
  EYLHERVRKVYWGY------APNENLSNEELIRENYQGIRPAPGYPACPEHTEKAT
  EYLHKEVRTTLWGY------STNEDLTESDLLSIKYQGIRPACGYPSQPDHTEKRT
  EYLHFELRTRIWGY-------TQEEFDNQGLINENYVGIRPAPGYPSWPEHTEKAL
  EYWHRRIRE-ELKFSGNRTMSADDPEAVEDYFKLGYRGARFAFGYGACPDLEDRIK
  EWTHQRIRQ-ELGF------GHLDPDNIRDLLQQRYQGSRYSFGYPACPNMQDQYT
     -------->                  <-α7->                    <--
                                                   1200                       1227
                                           *^
  IWELLEVEKHTGMKLTESFAMWPGASVSGWYFSHPDSKYYAVAQIQRDQVEDYARRKGMSVTEVERWLAPNLGYDAD
  LWKLLEAEK-NGIGLTEHLAMLPAASVSGLYFANPQSEYFAVGKIDQDQVIDYAARKNVPKEEVERWLSPILGYDTD
  IWDLLEVEQRIGMKLTESYAMWPAASVCGWYFTHPASNYFTLGRIDEDQAQDYAKRKGWDEREMMKWLGVAM>
  MMELLQPER-IGVTISEELQLHPEQSTDAFVLHHPAAKYFNV>
  QLELLQTER-IGLYMDESEQVYPEQSTTAIISYHPAAKYFS>
         <SRHRIRLTESLAMAPASAVSGLYFSNVKAKYFAVGKISKDQTEDYALRKNMPVAEVEKWLGPILGYDTD
  -α8-> <-α9>  <6>    <7>  <α8>                 <----α10-->   <α11->
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(a)
inactivation of the intact enzyme [31] as being near the
cobalamin during reductive activation. The ligand is bound
in an extended conformation, with the adenine base anti to
the sugar. The base is held in place by hydrophobic interac-
tions with Tyr1189 on one side and Tyr1139 on the other
(Fig. 5a). Hydrogen bonds are made between N1 of the
adenine and the backbone amide of Ala1141, between N3
and the amide of Ala1136, and from N6 to the carbonyl
oxygen of Tyr1190 (Fig. 5b; Table 4). The N7 of adenine is
solvent accessible and not involved in any hydrogen bonds
with the protein fragment. The hydroxyl oxygens of the
sugar are hydrogen bonded to the backbone oxygen and
side chain Nε of Arg1134 and to the side chain of Tyr1189
(which, as noted above, also makes hydrophobic contacts
with the adenine base). The methionine amino group
makes a hydrogen bond to the side chain of Asp946, and
the carboxylate O1 hydrogen bonds to the side chain Nh1
of Arg1094. The carboxylate O2 could form a second hydro-
gen bond to the Nh2 of Arg1094, although the distance is
long (4.0Å) for a strong bidentate interaction. 
Neither Sg nor the methyl group of the AdoMet appears to
make strong interactions with the protein. However, the
Sg–Cε bond of AdoMet points directly at the hydroxyl
group of Tyr1139, 3.6Å away from the Cε (Fig.5a; Table4).
In addition, there are two glutamic acid side chains (1097
and 1128) that are within 6Å of the positively charged
sulfur atom. Glu1128 is unusual because it resides at the
C-terminal end of a short a helix in a position often occu-
pied by a positively charged or neutral polar side chain
[32–34]. Thus, although they do not contact the sulfonium
group, the two glutamic acids, along with the partial nega-
tive charge of the helix dipole, may serve to stabilize the
positive charge of the AdoMet. Unlike other AdoMet-
dependent methyltransferases, methionine synthase is not
strongly inhibited by the product S-adenosylhomocysteine
(AdoHcy): the photo-crosslinking of [methyl-3H]AdoMet to
methionine synthase [14] is not affected by the addition of
AdoHcy at up to ten times the concentration of AdoMet
(R Blumenthal, JT Drummond, RGM, unpublished data).
The negative charges near the sulfonium moiety of the
AdoMet may tend to favor the binding of the positively
charged ligand over the neutral product AdoHcy. Regula-
tion by the ratio of the concentrations of AdoMet and
AdoHcy is observed in most methyltransferases, for which
AdoHcy is a potent inhibitor [35], but inhibition of 
methionine synthase by AdoHcy, which would serve only
to lower the levels of AdoMet (Fig. 1a), offers no metabolic
advantages. 
Conserved residues in the AdoMet-binding site 
Consistent with their contributions to AdoMet binding,
residues in the segments adjoining AdoMet are highly con-
served among the various B12-dependent methionine syn-
thases (Fig. 4a). Residues that are identical in known
methionine synthase sequences and are involved in
AdoMet binding include Asp946, Glu1097, Arg1134,
Ala1136, Gly1138, Tyr1139 and Tyr1189. In particular,
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Table 3
Model statistics.
Residue range 901–1227
Number of water molecules 212
Number of other non-protein molecules
AdoMet 1
acetate 1
Average B values (Å2)
main chain 19.50
side chain 22.28
water molecules 35.55
AdoMet 16.59
Rms deviations from ideal values
bond lengths (Å) 0.018
bond angles (°) 1.84
dihedral angles (°) 24.20
improper torsion angles (°) 1.69
Ramachandran plot (non-glycine, non-proline residues)*
residues in most favored region (%) 93.1
residues in additionally allowed regions (%) 6.6
residues in generously allowed regions (%) 0.3
residues in disallowed regions (%) 0
cis peptides
prolines 2
non-prolines 0
Overall G factor* 0.13
The overall G factor is a measure of how ‘normal’ the stereochemical
properties are, on a log scale, as compared to that residue type in other
protein structures. A higher score indicates a more ‘usual’ geometry. A
typical value for proteins refined at 1.8 Å is –0.3. *Calculated using
PROCHECK version 3.0 [85].
Table 4
Polar interactions of the AdoMet ligand.
AdoMet Protein/ Residue Distance (Å)
atom solvent atom(s)
N1 N Ala1141 2.96
N3 N Ala1136 3.26
N6 O Tyr1190 3.14
O H2O 3.34
O2′ O Arg1134 2.69
O H2O* 2.69
O3′ OH Tyr1189 3.36
Ne Arg1134 3.21
O H2O* 3.41
O H2O 3.32
O H2O 3.04
Ce OH Tyr1139 3.63
N Od1 Asp946 2.54
O H2O 2.82
O H2O 2.53
O1 Nh1 Arg1094 3.07
O H2O 2.83
O2 Nh2 Arg1094 4.02
O H2O 3.43
*This water molecule hydrogen bonds to both sugar hydroxyls (see
Fig. 5b).
residues in the sequence 1134R–(P/F/Y)–(A/S)–(P/F/C)–G–
Y–(P/G)(A/S)–X–P1143 contribute most of the observed
protein-AdoMet interactions. This pattern of conserved
residues differs substantially from the fingerprints
assigned for DNA-, RNA-, and small molecule methyl-
transferases [36–38]. 
As noted above, the conserved Arg1134 forms two hydrogen
bonds with the AdoMet ligand, one from the backbone
carbonyl and the other from the Nε of the side chain (Fig 5;
Table 4). The backbone nitrogen of Ala1136 makes a
hydrogen bond to N3 of the AdoMet adenine ring, position-
ing the side chain in a pocket that can accommodate only a
small residue. Although Gly1138 makes no direct contacts
to the ligand, its location in a tight turn requires a conforma-
tion (F,Ψ angles 114°, –25°) that is unfavorable for any
residues other than glycine.The Cb of the next residue in
the sequence, Tyr1139, makes van der Waals contacts to
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Figure 5
Details of AdoMet binding (a) Stereoview of a
(|Fo|–|Fc|) omit map of the AdoMet ligand,
contoured at 3.0 s. The calculated structure
factors and phases are derived from the 1.8 Å
model refined without AdoMet (the end of
stage 4, Table 3). The final refined model
including the AdoMet ligand is superimposed;
atoms are shown in standard colors
(b) Schematic drawing of AdoMet–protein
interactions. Conserved residues are labeled
in bold. Solvent molecules in the region not
directly hydrogen bonded to AdoMet have
been left out for clarity, and no attempt has
been made to assign donors and acceptors
for hydrogen bonds in cases where there are
ambiguities.
(b)
(a)
the adenine base of the AdoMet, and as discussed above, its
hydroxyl may interact with the methyl group of the ligand,
although the role of this interaction is not yet clear. Finally,
in order to fit a large side chain in the position of Ala1141
the backbone hydrogen bond between its nitrogen and the
N1 of adenine would have to be perturbed. The remaining
proline residues in the sequence (Pro1135, Pro1137,
Pro1140) may serve to stiffen the loop. Large hydrophobic
residues at 1135 and 1137, seen in some of the other
methionine synthase sequences (Fig. 4a), would protrude
into the interior of the molecule, and may lock the orienta-
tion of the backbone in the same way as the proline
residues. 
Comparisons with other protein folds
The three-dimensional structure of the AdoMet-binding
region of methionine synthase is unlike any of the recently
determined AdoMet-dependent DNA- and RNA-methyl-
transferases [39–42] or the catechol O-methyltransferase
[43]. In contrast to the mixed a+b structure of methionine
synthase, the AdoMet-binding domains of the DNA-,
RNA- and catechol methyltransferases are Rossmann-type
a/b folds, with the AdoMet-binding region at the C-termi-
nal end of the crossover point of the parallel b strands [36].
In these structures, the adenine base of AdoMet is bound in
the conserved nucleotide-binding pocket [44,45]. In
methionine synthase, where the central b sheet of the
AdoMet-binding domain is composed of antiparallel
strands, the adenine- binding site is formed primarily by
residues in the connector between helices a7 and a8 that
spans the edge of the central sheet (Figs 3,5a). 
Furthermore, the 38 kDa domain does not resemble
either of the other known AdoMet-binding protein struc-
tures. The MetJ repressor [46], a small homodimer which
interacts with the major groove of DNA via an antiparallel 
b ribbon, binds AdoMet near a dimer axis at the C-termi-
nal end of an a helix. The tetrameric AdoMet synthase
[47,48], whose monomer subunit is made up of a pseudo-
trimer, has a basic repeating domain with a superficial
resemblance to the AdoMet binding region of methionine
synthase (a four stranded b sheet crossed by a long 
a helix) but the mixed topologies of the AdoMet synthase
sheets are quite different from the antiparallel topology of
methionine synthase. Furthermore, in AdoMet synthase
AdoMet is bound between two domains, toward the ends
of the b sheets. In contrast to the repressor and AdoMet
synthase structures, methionine synthase binds AdoMet
at the center of the main b sheet (Fig. 3).
In an effort to determine whether any other proteins have
similar folds to that of the AdoMet-binding region of
methionine synthase, we performed a search using DALI
[49]. Of 697 protein structures compared with the activa-
tion domain of methionine synthase, none showed similar-
ity above Z=3.1s, and eight showed similarity between
2.5s and 3.1s. None of these had more than 75 equiva-
lenced residues (out of 327 residues for the activation
domain), and for all eight structures the matched residues
had rms deviations greater than 2.5Å. The limited similari-
ties occur in the group of helices at the bottom of the acti-
vation domain. Thus, we believe that the 38 kDa fragment
represents a unique fold among known three-dimensional
protein structures.
Comparisons with other AdoMet-dependent activating
systems 
The activation of methionine synthase superficially resem-
bles the reductive activation reactions of several other
bacterial enzymes, each of which requires AdoMet and
reduced flavodoxin. The first of these to be characterized
was pyruvate formate-lyase (PFL) [50,51], which metab-
olizes pyruvate under anaerobic conditions. Catalysis
requires initial generation of a protein radical at glycine,
formed by hydrogen abstraction in a reaction with the
5′deoxyadenosyl radical [52]. An accessory activase gener-
ates the 5′deoxyadenosyl radical from AdoMet using flavo-
doxin as an electron donor [53]. Anaerobic ribonucleotide
reductase (RR) [54,55] and probably biotin synthase [56]
are activated in analogous reactions. The activases for RR
and PFL are independently folded proteins and display
significant sequence homology with one another [57].
Ollagnier et al. [58] have recently shown that the RR acti-
vase dimer contains a [4Fe–4S] cluster and forms a tight
complex with the reductase.
Activation of methionine synthase, in contrast, involves 
an alternative cleavage of AdoMet in which the product 
is S-adenosylhomocysteine, and the reactants would be
·AdoMet and cob(II)alamin (scheme [b] above). Despite
the disparities between the activation of methionine syn-
thase and the other AdoMet-flavodoxin-dependent activa-
tions, we assessed the possibility that methionine synthase
and the activases might have similar AdoMet- and/or flavo-
doxin- binding motifs by examining sequence alignments
of methionine synthase with the PFL activase from E. coli
[59] and the RR activases from E. coli [57] and bacterio-
phage T4 [60]. This approach did not reveal any convincing
similarities. Using the ‘threading’ algorithm of Jones et al.
[61], we also compared PFL activase and the RR activases
with the 38 kDa activation domain and with ~500 other
folds from the database. None of these comparisons yielded
scores that suggested significant structural similarities.
The 38 kDa domain and methyl transfer from AdoMet
The C shape of the activation domain, and the location of
AdoMet at the center of the concave face, invite specula-
tion about how this domain and the upstream cobalamin-
binding portion of methionine synthase come together to
permit methyl transfer. Two restraints have been enforced
in preliminary attempts to dock the two structures using
interactive graphics. The AdoMet and cobalamin need be
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near one another, and in the docked model a plausible
covalent link must be made between the N terminus of
the activation domain and the C terminus of the cobal-
amin-binding domain. Given these restraints, it is possible
to dock the two fragments without major deformations of
either partner, but only if the corrin ring makes an edge-on
approach to the AdoMet-binding site, with the side chains
of rings A and B of the corrin situated nearest to AdoMet.
This arrangement leaves a minimum of 8.0Å between the
cobalt and AdoMet methyl group. One feature of the
structure that binds cobalamin [62] is a hydrophobic ‘cap’
that sequesters the methyl group from solvent, but also
leaves the upper face of the corrin inaccessible to sub-
strates. If the cap is displaced to expose the upper face of
the corrin, as it apparently must be for reactions with sub-
strates, then the corrin ring may make a ‘face-on’ approach
to AdoMet, with the cobalt much closer to AdoMet and to
residues in the activation domain than in the side-on
model. The face-on approach brings Val1177 of the activa-
tion domain quite close to cobalt, in agreement with the
finding that N2O inactivation is accompanied by modifica-
tion of this valine residue [31]. 
In any complex where the cobalamin interacts face-to-face
with AdoMet, the cobalamin-binding region would be
enveloped by the C-shaped activation domain. It is diffi-
cult to imagine how substrates would be able to access
cobalamin in such a complex, suggesting that the catalytic
and activation cycles may be turned off and on by alternat-
ing physical separation and approach of the reactants. 
Perturbations of cobalt ligation that result from binding
flavodoxin [19] or from mutagenesis of methionine syn-
thase [63] suggest the existence of such different ‘states’
of the enzyme.
Given the two independent structures of the two interact-
ing regions of methionine synthase, the challenge now will
be to obtain information that will define the relationship
between these structures in the conformation required for
reductive activation. More detailed studies of the interac-
tions with the activation domain are planned, including
systematic computations and site-directed mutagenesis.
Stereochemical analysis of the methyl transfer from
AdoMet to cobalamin and thence to homocysteine is now
in progress and may help to distinguish between a mecha-
nism involving in-line methyl transfer between the sulfur
of AdoMet and the cobalt of cobalamin, and mechanisms
that permit more relaxed geometry in the transfer.
Biological implications
In both prokaryotes and eukaryotes, methionine serves
two essential functions: it serves as a constituent of 
cellular proteins, and it also is a precursor for synthesis
of S-adenosylmethionine (AdoMet). Some organisms,
including E. coli, express two enzymes that are able to
catalyze formation of methionine from homocysteine.
One (the product of the metE gene) does not require the
B12 cofactor whereas the other (the product of the metH
gene) is B12-dependent. Mammals that do not synthesize
methionine de novo express only B12-dependent methion-
ine synthase and require the enzyme for generation of
AdoMet.
The C-terminal 38 kDa activation domain is an essential
functional component of the very large B12-dependent
methionine synthase from E. coli [14]. In its absence the
truncated enzyme gradually loses the ability to methylate
homocysteine or to be methylated by methyltetrahydro-
folate, a consequence of accumulation of the cofactor in
the incompetent cob(II)alamin form. The intact system
is controlled and organized so that AdoMet, rather than
methyltetrahydrofolate, is the methyl donor in the reacti-
vation reaction, yet AdoMet is not wasted as a methyl
donor in the catalytic cycle which synthesizes methion-
ine from homocysteine [7]. The mechanism of the reduc-
tive methylation that requires the 38 kDa domain
remains to be established, but the structures of the acti-
vation domain, and of the cobalamin-binding fragment of
methionine synthase [17], provide a basis for muta-
genesis and other experiments that may determine how
methyl transfer proceeds.
The activation domain has an unusual fold with an
antiparallel sheet at its core. Elements of the AdoMet-
binding site are contributed to by a long central helix and
a conserved segment that lies against the helix and
athwart the central b sheet. The polypeptide topology, the
recognition site for AdoMet, and the conformation of
bound AdoMet all differ from those of the DNA methy-
lases whose structures are known [39–42]. The AdoMet
site of methionine synthase does not appear to be closely
related to AdoMet synthetase or (at the sequence level) to
the AdoMet-dependent enzymes in the corrin/porphyrin
synthetic pathways [64]. These dissimilarities may reflect
the diversity of the substrates that act as methyl accep-
tors, but may also indicate divergence of mechanisms. 
Mammalian methionine synthase, like its E. coli counter-
part [12], requires AdoMet for activity [8,9]. It seems
likely that the activation mechanism in higher organisms
bears some resemblance to that in E. coli, but the proteins
that provide reducing equivalents have not been identi-
fied. As one class of mutations appears to affect the
reductive activation of human methionine synthase [65],
the availability of a structure for the bacterial activation
domain may assist in understanding the enzyme defects
associated with these mutations. 
Materials and methods
Preparation of the 38kDa fragment
Preparation and purification of the methylcob(III)alamin holoenzyme
was performed as previously described [13]. The holoenzyme (59mg)
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was diluted to 10 mM in 50 mM potassium phosphate at pH 7.2 con-
taining 1 mM EDTA, and incubated with trypsin (59 ml at 0.1 % w/w)
for 30 minutes at room temperature. The reaction was quenched with
3 ml tosyl-L-lysine chloromethyl ketone (TLCK) (1mg–1ml in water) and
the reaction mixture concentrated to < 2 ml in Amicon (PM30 mem-
brane) and Centricon 30 microconcentrators at 4°C. The mixture was
then loaded onto a MonoQ HR 10/10 anion-exchange FPLC column
equilibrated in 50 mM potassium phosphate buffer at 7.2 pH contain-
ing 1 mM EDTA. The column was washed for 20 minutes at a flow rate
of 4 ml min-1 with 50 mM potassium phosphate buffer at pH 7.2 con-
taining 1 mM EDTA. Three fragments of 38 kDa (residues 897–1227),
37 kDa (residues 901–1227) and 98 kDa (residues 1–896) were
eluted with a linear gradient from 50 mM to 275 mM potassium phos-
phate buffer at pH 7.2 containing 1 mM EDTA. The homogeneous
fragments were then concentrated in Centricon 30 microconcentra-
tors at 4°C and stored in 50 mM Tris buffer at pH 7.2 with 1 mM EDTA
at –80°C.
Crystallization and data collection 
For crystallization trials, the 38kDa protein fragment was diluted to a
concentration of 15 mg/ml in 10 mM Tris buffer at pH 7.2 with 10mM
EDTA. Crystals were grown by the hanging drop vapor diffusion method
at room temperature using 30% PEG 6000, 300 mM MgAcetate,
100mM Tris pH 7.2, and 4–5% NaN3 as the crystallization medium. The
crystals belong to the space group P212121 with unit cell parameters
a=38.9Å, b=62.4Å, c=140.8Å. There is one molecule per asymmetric
unit, corresponding to a Vm of 2.26Å3 Da–1 [66], or a solvent content of
approximately 45.6%.
Two native and six heavy atom data sets were collected on an Area
Detector Systems Corp. multiwire area detector using graphite mono-
chromated CuKa radiation generated by a Rigaku RU200 rotating
anode generator, and the data reduced using the accompanying soft-
ware [67]. All data were collected at room temperature using a single
crystal for each data set. Before data collection, crystals were equili-
brated in a storage buffer consisting of 30% PEG 6000, 300 mM
MgAcetate, 100 mM Tris pH 7.2, 2.5–4.0% NaN3, along with the indi-
cated heavy atom or AdoMet (Table 1), except for Native 1 which was
mounted directly from the hanging drop. 
Phasing and model building
Heavy atom positions were determined using standard difference
Patterson and Fourier methods. Their parameters were refined first
using HEAVY [68], then MLPHARE [69,70], giving a final overall mean
figure of merit of 0.65. As expected from the relatively low solvent
content, solvent flattening using the program DM [71] produced no
substantial improvement in the map; however, the first round of model
building proceeded by inspection of both solvent flattened and non-
flattened maps due to subtle differences between them. 
Model building was performed using TOM/FRODO [72,73] on a Silicon
Graphics IRIX 4.0 workstation. Partial models were refined using the sim-
ulated annealing (SA) protocol as implemented in X-PLOR 3.1 [74].
Each round included refinement of a single overall B factor, with cycles of
Powell refinement alternated with a SA run from 2000 K. Phase improve-
ment proceeded by alternating model building, simulated annealing, and
phase combination using weights determined by SIGMAA [75], until all
protein atoms were fit except the first four residues at the N-terminal end
and the last residue at the C terminus.
Phase extension from 2.8 Å to 1.9 Å was accomplished in two steps
(Table 2). In the first step, which included all reflections between 10.0
and 2.25 Å, SA refinement was performed as above but refinement
rounds included individual atomic B factors. Solvent molecules were
included if they appeared at contour levels of at least 3.0s in difference
maps and had reasonable hydrogen-bonding geometry. Phase exten-
sion to 1.9 Å proceeded in a similar manner, and although the C-terminal
residue 1227 was added to the model, no reasonable density was
found for residues 897–900.
For the final stages of refinement, a high resolution (1.8Å) data set was
introduced from a crystal soaked in a storage solution containing 3.8 mM
AdoMet (Tables 1,2). A model of the substrate was then built and refined
along with the rest of the model (Table 3). 
Accession numbers
The coordinates have been deposited in the Brookhaven Data Bank 
(ID code 1MSK).
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